Abstract: Through DOE (design of experiment), ЕТ (eddy current testing) is included and proven as a quality indicator of carburizing, quenching and tempering of hydraulic motor parts. A method is suggested for calibrating NDT (non-destructive testing) by means of combined representation of regression models in the field of the technological factors of heat treatment and contour control charts. A method is presented here for choosing the working frequency for ET. It is also suggested that experimental design be considered a basic building element in the methodology of carburized parts ET. This article also presents a methodology for conducting eddy current testing in industrial settings.
Introduction


The problems with the control of carburized, quenched and low-temperature tempered parts in the conditions of hydraulic motor mass production are connected with a number of factors, among which are shape, size, the technological sequence of different treatments, the function of parts, etc.
In its essence, carburizing changes the chemical composition of surfaces. The result is diffusion layers of varying depth, usually between 0.5 and 1.2 mm, with a higher content of carbon. After quenching and low-temperature tempering, a big group of the parts acquire their final performance levels. One such example is power take-off drive shafts. Their additives are of around 0.2 mm. The processing interferes with the wholeness and structure of the cementation layer, removing different sub-layers. This effect can work two ways. It is possible to remove a useful part of the diffusion layer which is essential for the performance. Alternatively, a defective sub-layer may be removed or revealed. This is connected with a change in the tension in certain zones in the part. What is more, there are always transition zones in the parts between areas with final processing and areas without such processing.
A third group of parts, for example hydraulic motor output shafts, contain inside splines, which do not undergo finishing mechanical processing, and external areas, which have precise/finished/dimensions after grinding.
It is easily established that the processes of friction and wear in high contact tension zones occur mostly between areas which do not undergo grinding or other processing, such as "rotor internal splines-PTO shaft" and "PTO shaft-output shaft internal splines" friction pairs.
It is in such cases that the control of carburizing, quenching and tempering becomes especially important.
Carburizing Control: Eddy Current Method
Like any other technological stage, thermochemical treatment is subjected to the joint influence of the preset rates of technological factors and random interference [1] . The parts subjected to these influences acquire a complex of properties, called quality indicators. The maintenance of constant levels for the technological factors does not always ensure uniformity in the quality indicators, and this is mainly due to random interference [1] . The intentional change in the technological factor levels, the subsequent result are incorporated in the motors with all changes in the size and shape caused by the thermochemical treatment. The quenched diffusion layer is preserved in its entirety, with all its peculiarities, some of which are proven flaws.
Another group of carburized and quenched parts undergo additional technological operations before assembly, such as grinding and lapping. Today's finishing processing requires the availability of grinding, and the continuous monitoring of a technological object represent the only possibility of getting to know it and optimizing it [1] . Included in the designed experiment methodology, the stages of optimization require the right formulation and the right approach to solving specific tasks.
It is widely known that the technical control of carburized parts encompasses the results for a number of quality indicators: Rockwell hardness, Vickers hardness, carburizing depth and effective depth, phase composition of the quenched layer and the core [2, 3] . In large lot production settings, the number of parts whose indicators are controlled constitutes a small percentage. It is in such cases that the introduction of statistical methods seems unreliable for this and other reasons, too, which determine deviations in the results. A changed formulation of the technical control task is only possible if a quick and effective testing method is used, which, of course, is also non-destructive, too. With its essence and possibilities, the eddy current testing method looks the most feasible one in industrial settings. This, however, will require that the eddy current testing results be considered a quality indicator, along with all the others mentioned above [4] . The group of quality indicators can be extended with the results of carburized parts performance testing, i.e. durability and fatigue strength [5] . This so-formed set allows for prioritizing the separate quality indicators. Such a classification can give the highest priority to fatigue strength as a performance indicator, while at the same time assigning a descriptive and complementary function to all the other indicators, such as hardness, structure and electromagnetic properties. Unlike all other quality indicators, eddy current testing assessment can encompass as much as 100% of the parts intended for control, and its quick and easy implementation for different zones of the tested specimen, can provide useful information in favor of conducting destructive testing. Eddy current testing is widely used for non-destructive testing of flaws on the surface and just under the surface [6] . At the same time, it is reliable in registering changes in the inside tension, in the structure and the mechanical properties, which proves their relationship with the electro-magnetic properties of materials [2, 7, 8] . Eddy currents are affected by the relative magnetic permeability and the electrical conductivity -, which are different for the different steels and their states [2, [7] [8] [9] . The value and the maximal value of depend on the magnetic field strength, the difference in the chemical composition and the heat treatment which has been conducted [7] . Eddy current testing is a comparative and integral method [2, 8] . It does not provide accurate values of hardness and quench depths. It is sensitive to the slightest changes in the structure and properties of materials [2, 7] . The formula of penetration depth of eddy currents is well known as "Skin Effect" [2, 6, 9] . Variations in the frequency of the field current from 10 Hz to 100 kHz can result in eddy current penetration from 0.01 tо 100 mm [9] . Registering, digitalizing [7] , and regarding the evaluation from the eddy current testing as a function of the technological factors, as well as its simultaneous analysis with the rest of the quality indicators, represent an important possibility to calibrate and implement the method in industrial settings. 
One Approach to Eddy Current Testing of Carburized Parts
Object of Research
Carburizing is carried out for 18CrNiMo7-6, 1.6587, DIN EN 10084 steel parts [11] according to DOE №1. 
Objectives of Research
The research aims to present stages in the formation of a working methodology for carburized parts testing. To achieve this aim, it is necessary to do the following:
(1) Introduce a new quality indicator, namely, the results of the eddy current test.
(2) Prove the sensitivity of ET results/eddy current testing results/to the changes in technological factors.
(3) Jointly consider all quality indicators with the purpose of calibrating the eddy current instrument.
(4) Suggest a method of selecting working frequencies, with the purpose of optimizing the non-destructive testing.
Methodology of Research
The methodology of research involves testing parts which have been carburized, quenched and tempered according to two designed experiments. The levels of the technological factors of experiment №1 are given in Table 1 [4] .
Technical problems prevented the maintenance of the planned values for tempering temperatures . In the real interval between min and max , the obtained value for the coded basic level of the factor is -0.23. . A comparative metallographic method is used to determine the content of residual austenite -% [3] . The test results gained from the eddy current instrument are marked with [15] .
The data are processed in a regression analysis, and the models are tested for their adequacy [16] . Examples are given of simultaneous consideration of two or more quality indicators, through their regression models. Fatigue strength data from a test stand are used and presented as a performance quality indicator.
Experimental Results
DOE №1 [4]
Columns 1 and 2 of Table 2 
The contours of the constant values of the obtained regression models are presented in Fig. 1 , and the results of their adequacy test are in Table 3 . The statistical characteristics for the regression models lead to the conclusion that the models are adequate. However, the values of the ET instrument readings model stand out from the rest, which, on the one hand is an argument in favor of its introduction as a new quality indicator, and on the other hand, it reveals the intrinsic impossibility for the rest of the indicators to respond fully to the changes in the technological factors. It should not be forgotten that hardness measurements are localized in a thin surface layer, and the eddy current testing and the determination of the effective depth, , work in a thicker layer, therefore they can be considered to have an integral character. It is not difficult to establish the A point of interest, both for the technology and the control, would be the joint presentation of contours of the constant values for the fatigue strength models and the ET data ; and 41 ; in Fig. 2 . Fig. 2 shows the expected ET results in the areas of minimal and maximal fatigue strength. Table 4 presents the levels of the technological factors T Q and T T and the ET values for different working frequencies for 18CrNiMo7-6 steel, DOE №2 [10] .
The regression models obtained are of the following type:
. + , Таble 4 ET characteristic value for different working frequencies 18CrNiMo7-6 steel samples [10] . where is the quenching temperature, аnd is the tempering temperature. The statistical characteristics for the quality of DOE №2 models are given in Таble 5 [10] . Fig. 3 is a graphical representation of the statistical estimate for the models with different, ascending, values for the frequency of the ET instrument
Where is the multiple correlation coefficient, is the number of experiments, к -the number of coefficients in the model [1] . The graph shows that the setting, designated as 1.6587-42, presents the highest value of the F statistic, and the best statistical values for the rest.
Results
The analysis of the two designed experiments presented here suggests some important conclusions, which can be used to develop a methodology of eddy current testing of a specific technological object.
The ET method is sensitive to the changes in technological factors and can be added to the group of the traditional quality indicators.
The ET indications can be calibrated if they are jointly considered with another one, or more than one, quality indicators in the field of changes in the technological factors.
The ECT method can be optimized by determining an array of settings for different frequencies of the field current.
Methodology for ET of Carburized Parts
After a number of DOEs (designed experiments), the following steps have been established and confirmed for ET of carburized parts:
(1) A metallographic analysis is carried out, as well as hardness measurements, performance testing, and ET of the DOE samples. The parts subjected to the experiment are used for setting up the ET instrument.
(2) The effects of the technological factors are analyzed in order to optimize the thermochemical process.
(3) The effect of possible deviations in the levels of the technological factors is analyzed with reference to the quality indicators.
(4) The data are processed with a regression analysis, and contour charts are made, which show the variations in each quality indicator in relation with the changes in the technological factors.
(5)
The obtained regression models are tested for adequacy. When the test results are inconclusive, opportunities for improving laboratory practices and test conditions are investigated, as well as other reasons. The aim is to find the optimal setting of the ET instrument, in relation to the working frequency, by using the samples involved in the designed experiment.
(6) The major influences are determined and the technological factors are classified according to their effect on the quality indicators.
(7) The major quality indicator is established. (8) Group control contour charts are made (Fig. 2) , on the basis of the variation of the leading quality indicator, which contain the contours of variation of the rest of the dependent quality indicators, one of which is invariably the ET evaluation.
(9) Two or more regression models are jointly analyzed in their informational and technological, as well as their control aspect, and levels are chosen for the formulation of well-founded technical requirements. Control tolerance limits are determined for non-destructive ET. This stage can be called "RQ+RZ", for short, as it combines regression analysis of quality indicators and a regression of the eddy current characteristic.
Conclusions
The reliability, effectiveness and efficiency of carburized parts ET depend on the relative consistency of the influencing technological factors in time. Eddy current testing does not dismiss the importance of any one of the other quality indicators, but it provides a quick instrument for finding technological solutions. The combination of all results with statistical methods of analysis and optimization make the technical control system high-powered and capable of improving.
